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(54) Integral valve diaphragm pump and method 

(57) An integral valve diaphragm pump has a first 
rigid layer, a second rigid layer and a flexible membrane 
therebetween. Concave surfaces in the two rigid layers 
form a pump. The pump includes an actuating chamber 
which is alternately connected to a source of pressure 



and a source of vacuum. A pump chamber is connected 
to a fluid source and a fluid receiver through a filling 
check valve and a dispensing check valve, respectively. 
Duckbill and spring loaded ball check valves are dis- 
closed. 
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Description 

This is a continuation-in-part of application Serial 
No. 08/31 9,856 filed October 7, 1994, and of application 
Serial No. 08/319,858 filed October 7, 1994, the disclo- 
sures of which are hereby incorporated herein by refer- 
ence in their entirety. 

BACKGROUND OF THE INVENTION 

The present invention relates to an integral valve dia- 
phragm pump and method of pumping. 

Small volume and precision pumps are known in the 
art; however, these pumps involve complex structures 
which are difficult to manufacture and are expensive. 

SUMMARY OF THE INVENTION 

The main object of the present invention is to elimi- 
nate the disadvantages of prior art precision volume 
pumps and methods. 

Another object of the present invention is to integrate 
the valve function into a small single unit and to separate 
the actuation air system from the fluid system with a gas- 
ket type flexible membrane. 

Another object of the present invention is to provide 
an all-pneumatic precision pump with passive valving. 

Another object of the invention is to provide a dia- 
phragm pump with improved volumetric pumping preci- 
sion. 

These and other objects and advantages of the 
present invention are achieved in accordance with the 
present invention by a pump having a flexible membrane 
separating a pump chamber and an actuator chamber. 
The diaphragm pump is pneumatic, with a filling check 
valve and a dispensing check valve passively responding 
to line pressures created by the diaphragm pump. Valve 
cavities containing the check valves are connected 
through a common connection to the pump chamber. 
The check valves passively control filling and dispensing 
flow into and out of the pump chamber. 

In accordance with the invention, the integral valve 
diaphragm pump has a first rigid layer having a substan- 
tially planar first surface, a second rigid layer having a 
substantially planar second surface. The first and sec- 
ond rigid layers are connected in superposition with the 
flexible membrane therebetween and in contact with the 
first and second surfaces. The flexible membrane is par- 
tially compressed between the first and second layers. 

A filling check valve is oriented to permit f tow from a 
fluid source into the pump. A dispensing check valve is 
oriented to permit flow out of the pump into a fluid 
receiver. The pump comprises an actuating chamber 
demarcated by a first concave surface in the first surface 
and one side of the flexible membrane, and a pump 
chamber demarcated by a second concave surface in 
the second surface and the other side of the flexible 
membrane. 



In one embodiment, the second rigid layer has a 
substantially planar third surface parallel to the second 
surface. A third rigid layer having a substantially planar 
fourth surface is connected to the second rigid layer, with 

5 the third and fourth surfaces superposed. The filling 
check valve is a duckbill valve disposed in a cavity in the 
third surface, and the dispensing check valve is a duckbill 
valve disposed in a cavity in the fourth surface. The filling 
check valve is located opposite the pump chamber in the 

w second rigid layer, with a first passageway connecting 
the two. A second passageway connects the dispensing 
valve with the first passageway. 

In accordance with the method of the invention, the 
pump is operated by first applying a vacuum to the actu- 

75 ating chamber to flex the flexible membrane against the 
first concave surface. This opens the filling check valve 
and closes the dispensing check valve, and fills the pump 
chamber with fluid through the filling check valve. A pres- 
sure is then applied to the actuating chamber, flexing the 

20 membrane against the second concave surface. This 
closes the filling check valve and opens the dispensing 
check valve, dispensing the fluid from the pump chamber 
through the dispensing valve to a fluid receiver. 

In another embodiment of the present invention, the 

25 filling and dispensing check valves for controlling inflow 
and outflow to the pump chamber are spring loaded ball 
check valves. In yet another embodiment, both duckbill 
and spring loaded check valves can be used. 

In each of the embodiments, the rigid layers are pref- 

30 erably acrylic plastic material, which are preferably clear. 
The layers may be connected by bolts. Alternatively, the 
layers may be connected by diffusion, adhesive or sol- 
vent bonding as set forth in U.S. patent 4,875,956, the 
disclosure of which is hereby incorporated by reference. 

35 The pump in accordance with the present invention 
is preferably used in unified fluid circuits for clinical diag- 
nostic analyzers for hematology, chemistry and immu- 
nology. Such uses include pumping various reagents into 
a chamber for performing a test on a sample. 

40 These and other features of the present invention 
will be described in more detail in the following detailed 
description taken with the attached drawings wherein: 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 

Fig. 1 is a sectional view of a pump according to the 
present invention; 

Fig. 2 is a sectional view of the flexible membrane 
and other components of the pump of Fig. 1 ; 

so Fig. 3 is a sectional view of the check valve and other 
components of the pump of Fig. 1 ; 
Fig. 4 is a sectional view of an alternative check 
valve and other components of a pump according to 
the present invention; and 

55 Figs. 5A-5D are schematic diagrams showing the 
steps in the method according to the present inven- 
tion using the pump of Fig. 1 . 
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DETAILED DESCRIPTION OF THE INVENTION 

Referring to Fig. 1 , the diaphragm pump 1 has a first 
rigid layer 10 having substantially planar surfaces 11,12, 
and a second rigid layer 30 having substantially planar 
surfaces 31 , 32. The first layer 10 and second layer 30 
are connected so that surfaces 1 1 , 31 are superposed. 
A flexible membrane layer 20 disposed therebetween. A 
third rigid layer 50 having substantially planar surfaces 
51 , 52 is connected to the second rigid layer so that sur- 
faces 32, 51 are superposed. 

The first rigid layer 1 0 has an actuating passageway 
14 for receiving either pressure P or vacuum V from a 
three-way solenoid valve 2. The passageway 14 opens 
into concave surface 13 in surface 1 1 . Concave surface 
13 forms an actuating chamber with side 21 of flexible 
membrane 20. 

The second rigid layer 30 has a concave surface 33 
in the surface 31, forming a pump chamber with side 22 
of the flexible membrane 20. A first fluid passageway 41 
extends through the rigid layer 30 from the center of the 
concave surface 33 in a direction normal to the surface 
31 . The passageway 41 extends to a filling check valve 
chamber 34, which may be located within layer 30, as 
shown in Fig. 1. A one-way filling check valve 150 is dis- 
posed within the chamber 34 in an orientation permitting 
flow only in a direction into the pump chamber. A pas- 
sageway 40 extends from the surface 51 proximate the 
filling check valve chamber 34, through the rigid layer 50, 
to a fluid source 6. 

It is preferred that the filling check valve 150 is 
placed as close as possible to the pump chamber, min- 
imizing the length of passageway 41 . This reduces pump 
inaccuracy caused by the compressibility of air or other 
gas that may become trapped in the passageway 41 . 

A second fluid passageway 42 extends at an oblique 
angle from surface 32 through the rigid layer 30 to com- 
municate with the first passageway 41 . The second pas- 
sageway 42 is thereby in fluid communication with the 
pump chamber through the first passageway 41 . Alter- 
natively, the second passageway 42 could communicate 
directly with the pump chamber. The passageway 42 
extends to a dispensing check valve chamber 35, which 
may be located within layer 50, as shown in Fig. 1 . A one- 
way dispensing check valve 151 is disposed within the 
chamber 35 in an orientation permitting flow only in a 
direction out of the pump chamber. A passageway 43 
extends from the dispensing valve chamber 35, through 
rigid layer 50, to a fluid receiver 5. 

The structure shown in Fig. 1 completely separates 
the fluid pumping side of the pump from the actuator side 
by the sealing of the flexible membrane 20 between the 
layer 10 and the layer 30. Compression of the flexible 
membrane 20 between the layer 10 and layer 30 must 
be closely controlled for proper functioning of the pump. 
If the membrane is too tightly compressed, it wrinkles or 
puckers, and so does not properly comply to the shape 
of the concave surfaces 1 3, 33. adversely affecting pump 
precision. If the membrane is not compressed sufficiently 
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between the layers 10, 30, leakage of the fluid between 
the layers may occur. Fig. 2 is an enlarged partial sec- 
tional view of the pump, showing the membrane and con- 
cave surfaces. By controlling the depth of the 

5 compression lands 80, 81 from the surfaces 1 1 , 31 dur- 
ing the manufacturing process, proper compression of 
the flexible membrane 20 is maintained. In a currently 
preferred embodiment of the invention, a silicon rubber 
flexible membrane 0.010" thick in its free state is corn- 
to pressed a total of 22% nominally, with manufacturing tol- 
erances permitting a range of 8% to 53% compression. 
Other configurations will be apparent to those skilled in 
the art. A relief volume 85 is provided in the layers 10, 
30 outside the compression lands for extruded mem- 

75 brane material. 

The actuating pressure and vacuum applied through 
passageway 14 results in a force on the flexible mem- 
brane 20 tending to extrude the membrane into the pas- 
sageways 14,41. This can change the pump volume and 

20 degrade pump precision. The extrusion effect may be 
reduced for a given membrane material by minimizing 
diameter d of the passageways 1 4, 41 at their junctions 
with the concave surfaces, while still providing sufficient 
cross sectional flow area. In a currently preferred embod- 

25 iment using a flexible membrane of 0.010" thick silicon 
rubber, thediameter d isbetween 0.58 mm and 1 .05 mm. 

The depth D of the concave surfaces 13,33 must be 
selected to provide a sufficient pumping volume while 
permitting the flexible membrane 20 to seal without puck- 

30 ering or leaving pockets. An optimum depth D is a func- 
tion of the diameter 0 of the pump chamber and the 
actuating chamber. In the currently preferred embodi- 
ment having a pump chamber diameter 0 between 14 
and 27 mm, the ratio of depth D to diameter 0 is between 

35 11 and 14 percent. 

In the preferred embodiment shown in Fig. 1 , the fill- 
ing check valve 1 50 and the dispensing check valve 151 
are duckbill type check valves. The valves 150, 151 are 
shown in Fig. 1 in different rotational orientations 90° 

40 apart; the actual orientation does not affect valve per- 
formance. Fig. 3 is an enlarged cross-sectional view of 
a duckbill check valve 103 as installed in the dispensing 
valve chamber 35. Chamber 34 has similar features. The 
duckbill valve 103 has a central bore 101 and a duckbill 

45 closure comprising deformable members 104, 105. The 
diameter 1 1 1 of the valve fits within diameter 1 10 of the 
valve chamber 35. 

The valve 103 is installed in the chamber 35 before 
assembling the rigid layers 30, 50. The chamber 35 has 

so a counterbore 108 for receiving a lip 106 of the valve. 
The lip 106 is compressed between a shoulder 107 of 
the counterbore and the surface 51 , forming a pressure- 
tight seal. This integral seal permits the layers 30, 50 to 
be bolted together without bonding the surfaces 51 , 32 

55 and without separately sealing the passageway at these 
surfaces. The layers 30, 50, however, can alternatively 
be connected by diffusion, adhesive or solvent bonding 
after first inserting the duckbill devices in the valve cham- 
bers. 
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The chamber 35 has a taper 109 at its outlet end. 
The tapered outlet end reduces the "dead volume," or 
non-circulating volume of fluid, in the part of the chamber 
surrounding the deformable members 104, 105 of the 
duckbill. It is believed the taper also streamlines flow 
through the chamber. These improvements advanta- 
geously reduce the amount of air trapped in this area to 
facilitate pump priming. 

The duckbill check valve remains closed in the 
absence of a pressure differential. When the pressure 
on the inlet side of the valve exceeds the pressure on the 
outlet (duckbill) side by a small cracking pressure, the 
deformable members 104, 105 separate, permitting flow 
through the valve. A pressure differential in the opposite 
direction closes the deformable members 104, 105, pre- 
venting backf low. The cracking pressure is dependent on 
the structure of the duckbill device itself. In a current 
embodiment of the pump, a duckbill valve marketed by 
Vernay Laboratories Inc., Cat. # VA-3426, fabricated 
from Viton® or silicone rubber, is used. 

In another embodiment of the invention, one or both 
of the filling check valve 150 and dispensing check valve 
151 are spring-loaded ball check valves. Fig. 4 is an 
enlarged cross-sectional view of a spring-loaded ball 
check valve 200 as installed in a dispensing valve cham- 
ber 235. A valve seat 214 is formed in the valve chamber 
235. A ball 21 5 is urged into sealing contact with the valve 
seat 214 by a compression spring 218. The spring 218 
is preloaded against the surface 32 during assembly of 
layers 30, 50. When the pressure in the passageway 42 
exceeds a cracking pressure, the spring 21 8 is overcome 
and the ball 21 5 moves off the seat 21 4, permitting flow 
through the valve. A reverse pressure differential across 
the valve, that is, a differential with the greater pressure 
being on the output side of the valve, works in conjunc- 
tion with the spring to more firmly seat the ball. 

The cracking pressure of the ball check valve is the 
inlet pressure at which the ball 215 will move off the valve 
seat 214 and allow flow. This occurs when the force on 
the inlet side of the ball exceeds force on the outlet side. 
The force on the inlet side in the closed position is a func- 
tion of the inlet pressure and the circular area of the ball 
exposed to the inlet pressure; this can be expressed by 
the equation: 

Fi = P|A| 

where Fj is the force from the inlet side, P; is the pressure 
at the inlet port, and Aj is the area of the ball exposed to 
the inlet pressure. 

The force from the outlet side is a function of the out- 
let pressure and the force of the spring on the rigid 
device. This can be expressed by the equation: 

Fo = F 8 + PoAi 

where F 0 is the force from the outlet side, F s is the force 
from the compression spring, P 0 is the pressure at the 



outlet port, and Aj is the area of the ball exposed to the 

inlet pressure. 

From the above equations, it is apparent that several 

physical design variables can be varied independently in 
5 order to get the flow characteristics desired in the valve. 

Element 2 1 5 can have a shape other than spherical and 

still be subject to the same equations. 

The back pressure that can be tolerated by the ball 

check valve from flow in the reverse direction is relatively 
10 high and is limited only by the strength of the ball struc- 
ture itself. 

The rigid layers 30, 50 can be connected together 
by diffusion, adhesive or solvent bonding after inserting 
the ball 215 and compression spring 218 into the valve 
75 chamber 235. Alternatively, the two rigid layers may be 
bolted together. When the layers are bolted, it is pre- 
ferred that a provision for sealing, such as O-ring 220, 
be provided. 

Other types of check valve devices can be used 
20 herein, although the described check valve devices are 
particularly advantageous in view of the fact that they are 
particularly suited to a unified fluidics circuit of the type 
shown. 

The operation of the pump will be described with 

25 regard to Figs 5A-5D, which show a schematic represen- 
tation of the solenoid valve 2, the pump 1 with flexible 
membrane 20, and check valves 150, 151. The check 
valves 1 50, 1 51 may be duckbill check valves, ball check 
valves, or other check valves. Similar element numbers 

30 are used where possible to show similar elements from 
other figures. 

In an initial state, the flexible membrane 20 is in the 
position shown in Fig. 5A. The actuating chamber is 
pressurized through passageway 14 using solenoid 

35 valve 2. The flexible membrane 20 is pressed against the 
concave surface 33. Because there is no fluid flow 
through passageways 41 , 42, the check valves 150, 151 
remain in a closed position. To operate the valve, a vac- 
uum is first applied to the actuating chamber through 

40 passageway 1 4 using solenoid valve 2, as shown in Fig. 
5B. The flexible membrane 20 moves through an intake 
stroke from its position against concave surface 33 to a 
position against concave surface 13. The resulting 
increase in volume of the pump chamber causes a pres- 

45 sure drop across the check valves 150, 151 . The filling 
check valve 150, which is oriented for flow into the pump 
chamber, opens and permits flow from the fluid source 
6 through passageway 41 to the pump chamber. The dis- 
pensing check valve 151, oriented for flow away from the 

so pump chamber, is closed tightly by the greater pressure 
on its outlet side. 

The flexible membrane 20 completes its intake 
stroke in the position shown in Fig. 5C, pressed against 
the concave surface 13. In this position, there is no fluid 

55 flow through the check valves, and both check valves 
150, 151 are closed. A precise volume of fluid is con- 
tained in the pump chamber as defined by the concave 
surface 33 and the flexible membrane 20 pressed 
against concave surface 13. 
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To exhaust the pump, pressure is applied to the actu- 
ating chamber through passageway 14 using solenoid 
valve 2, as shown in Fig. 5D. The flexible membrane 20 
moves through an exhaust stroke from its position 
against concave surface 1 3 to a position against concave s 
surface 33. The resulting decrease in volume of the 
pump chamber increases the pressure on the pump side 
of the check valves 150, 151 . The dispensing check valve 
151 is opened by the pressure on its input side, permit- 
ting flow from the pump chamber through passageway w 
42 to the fluid receiver (Fig. 1). The filling check valve 
1 50 is closed tightly by the pressure on its outlet side. At 
the end of the exhaust stroke, the diaphragm pump is in 
position to begin a new pumping cycle. 

The volume of fluid dispensed during a pumping 75 
cycle is a precise function of the volume enclosed by the 
concave surfaces 13, 33. Because the volume of fluid 
displaced by the check valves undergoes relatively little 
change between the open and closed positions, the vol- 
umetric precision of the pump is not greatly affected by 20 
these components. 

In one embodiment of the present invention, the rigid 
layers are composed of fully normalized clear cast acrylic 
and the flexible membrane is composed of silicone 
sheeting. Each of the rigid layers is about 0.250" to 25 
1.000" thick. The flexible membrane is silicon rubber 
about 0.010" thick. Thefluid passageways have adiam- 
eter of about 0.020" to 0.040" and the concave surfaces 
have a spherical radius of 0.500" to 0.750" and a diam- 
eter of 0.375" to 1 . 1 25" with a depth of 0.060" to 0. 1 40". 30 

It is understood that the embodiments described 
hereinabove are merely illustrative and are not intended 
to limit the scope of the invention. It is realized that var- 
ious changes, alterations, rearrangements and modifica- 
tions can be made by those skilled in the art without 35 
substantially departing from the spirit and scope of the 
present invention. 

Claims 

40 

1 . An integral valve diaphragm pump comprising: 

a first rigid layer having a substantially planar 

first surface; 

a second rigid layer having a substantially 

planar second surface; 45 
a flexible membrane; 

the first and second rigid layers being con- 
nected in superposition with the flexible membrane 
therebetween and in contact with the first and sec- 
ond surfaces; so 

an actuating chamber located in the first rigid 
layer demarcated by a first concave surface in the 
first surface and one side of the flexible membrane; 

a pump chamber located in the second layer 
demarcated by a second concave surface in the sec- ss 
ond surface and the other side of the flexible mem- 
brane; 

a first fluid passageway connected to the 
pump chamber and having a filling check valve 



therein; 

a second fluid passageway connected to the 
pump chamber having a dispensing check valve 
therein; 

a third fluid passageway connected to the 
actuating chamber at a first junction; and 

a pressure source and a vacuum source con- 
nected to the actuating chamber through the third 
fluid passageway operative to flex the flexible mem- 
brane between the first and second concave sur- 
faces. 

2. The pump according to claim 1 , wherein the first con- 
cave surface has a depth from the first surface, the 
actuating chamber further comprises a diameter at 
the first surface, and the depth of the first concave 
surface is between 1 1 and 1 4 percent of the diame- 
ter of the actuating chamber. 

3. The pump according to claim 1 or 2, wherein the first 
fluid passageway and the second fluid passageway 
are connected to the pump chamber through a com- 
mon passageway at a second junction. 

4. The pump according to any of claims 1-3, wherein 
the second concave surface has a depth from the 
second surface, the pump chamber further com- 
prises a diameter at the second surface, and the 
depth of the second concave surface is between 1 1 
and 14 percent of the diameter of the pump cham- 
ber. 

5. The pump according to claim 4, wherein the second 
rigid layer further comprises a substantially planar 
third surface opposite said second surface; and said 
filling check valve is located proximate said third sur- 
face opposite said pump chamber. 

6. The pump according to claim 5, wherein said dis- 
pensing check valve is proximate said third surface. 

7. The pump according to claim 6, further comprising 
a third rigid layer having a substantially planar fourth 
surface, said second and third rigid layers being con- 
nected in superposition at said third and fourth sur- 
faces; wherein said filling check valve is disposed in 
a chamber in said second layer and said dispensing 
check valve is disposed in a chamber in said third 
layer. 

8. The pump according to any of claims 1-7, wherein 
the first, second and third rigid layers are acrylic 
plastic and are fused or bolted together. 

9. The pump according to any of claims 1-8, wherein 
said check valves are duckbill check valves or ball 
check valves. 
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10. A method of pumping precise amounts of fluid 
between a fluid source and a fluid receiver, compris- 
ing the steps of: 

providing a diaphragm pump comprising a 
flexible membrane mounted between and in contact 5 
with first and second surfaces, an actuating cham- 
ber in the first rigid layer demarcated by a first con- 
cave surface in the first surface and one side of the 
flexible membrane, and a pump chamber in the sec- 
ond layer demarcated by a second concave surface 10 
in the second rigid layer and the other side of the 
flexible membrane; 

applying a vacuum to the actuating chamber; 

filling the pump chamber from a fluid source 
through a one-way filling valve; 15 

terminating the application of the vacuum; 

applying pressure to the actuating chamber; 

and 

dispensing the volume of fluid to a fluid 
receiver through a one-way dispensing valve. 20 
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FIG. 5A 
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